ABSTRACT: Transforms reduce the distributions of surface-runoff and sediment-transport variables to nearexponential distributions typical of rainfall duration and intensity. Two transform parameters are determined from field measurements using either a graphical method or the method of moments. The transforms were tested on both small experimental plots and very large watersheds for the distributions of rainfall depth, runoff volume and discharge, sediment concentration and sediment discharge, as well as concentration and transport of c!temicals from surface runoff. As expected from deterministic relationships, the inverse transform exponent b for point rainfall is close to unity, increases to about 1.5 for runoff discharge, and varies between 1.5 and 3 for sediment and chemical transport. Several examples show that the transforms are useful to determine exceedance probability, flow and sediment duration curves, expected sediment load, and sediment-rating curves for poorly correlated concentration and discharge measurements.
INTRODUCTION
Soil detachment and chemical transport in upland areas is related to excess rainfall and surface runoff. The complexity of the physical processes between rainfall, surface runoff, sediment and chemical transport, not to mention the perturbations induced by human activities, contribute to make the problem of transport of sediment and chemicals a very difficult one to quantify. In general, the relationship between surface runoff and sediment or chemical transport is conducive to site-specific empirical formulas. The transport of fine sediments in terms of wash load and the transport of chemicals from surface runoff usually exhibit poor correlations with surface-runoff parameters such as flow depth, flow velocity, shear stress, or discharge. Coefficients of determination not exceeding 0.5 are commonly encountered, this causes difficulties in the determination of rainfall-sediment relationships from regression analysis. The need for correction factors [e.g., Ferguson (1986) ] has been proposed to account for the large scatter of field measurements around the mean of log-transformed surface-runoff and transport variables.
There is extensive literature on extreme events and floodfrequency distributions that is to some extent germane to the foregoing analysis. Starting with Gumbel (1958) , the contributions of Schaake et al. (1967) , Todorovic (1968) , Todorovic and Rousselle (1971) , and Eagleson (1972 Eagleson ( , 1978 have been followed by Ashkar and Rousselle (1981) , Hebson and Wood (1982) , Diaz-Granados et al. (1984) , Wood and Hebson (1986) , Moughamian et al. (1987) , Fontaine and Potter (1989), and Foufoula-Georgiou (1989) . Most recent contributions include those of Shen et al. (1990) , Cadavid et al. (1991) , Kavvas and Govindaraju (1991) , Govindaraju and Kavvas (1991) , Hjelmfelt (1991) , Hawkins (1993) , and Raines and Valdes (1993) .
This study is, however, not limited to extreme events and considers the entire database. In doing so, information will be quantified for the mean value, duration curves, and exceedance probability. Conceptually, this study stems from the probabilistic nature of rainfall parameters, which has been shown to compare very well with exponential probability density functions (EPDFs). Because runoff results from rainfall duration and intensity, an analysis based on the probability density function (PDF) of rainfall, runoff, and transport variables may I Prof. of Civ. Engrg., Engrg. Res. Ctr., Colorado State Univ., Fort Collins, CO 80523.
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in which the rainfall intensity parameter A 2 = Iii is the reciprocal of the average rainstorm intensity I. Good agreement between the EPDF for both rainfall duration and intensity were reported in the literature by Eagleson (1978) , and on a monthly basis by Nguyen and Rousselle (1981) and Julien (1982) . Julien and Frenette (1985) examined the monthly variability in expected rainfall erosion from the monthly variability in average rainfall duration and intensity.
TRANSFORMS TRANSFORM PARAMETER EVALUATION

Graphical Method
The graphical method capitalizes on the properties of the EPDF and exceedance probability in (3). The natural logarithm of (3) is combined with (4) to give
The transfonn parameters a and b will be evaluated graphically after taking the natural logarithm of (7) in the fonn II =In (-In P) =In [-In P(<I»] 
where the shorthand exceedance probability II designates the =1. Likewise, if the points on the graph II versus In x assemble on a straight line, the slope of the line gives directly the transfonn exponent b. The graphical method is subjective but provides a qualitative appreciation of the goodness of fit. Ideally, all points should plot on a straight line for the power transfonn in (4) to be exactly applicable.
Parameter estimation from the method of moments takes advantage of the infonnation contained in the first and second moments of the sample. The transfonn parameters a and b can be evaluated after equating with the first and second moments of the transfonned variables. Specifically, the first moment, or mean value, of the sample x is equated to the first moment M 1 of the transfonned distribution, given
where a and b = transfonn coefficient and exponent, respectively, hereby referred to as transfonn parameters. If successful, this would transfonn the unknown exceedance probability of variable x into a simple EPDF of the reduced variable 4>.
The inverse transfonn is simply defined from (4) as
where a and b = inverse transfonn piU'ameters simply calcu-
The inverse transfonn exponent b is most important to detennine the degree of nonlinearity of the variable x and can be related to detenninistic relationships.
The properties of the transfonn are such that once the transfonn parameters a and b are known, the exceedance probability of variable x is calculated directly from (3) and (4). The (6) One can also demonstrate that p(x) dx = p(4)) d4> and P(x) = P(4)). Stedinger et al. (1993) cites relationships between the Weibull, Gumbel, and generalized extreme value distributions. For instance, if x has a Weibull distribution, y = -In x has a Gumbel distribution and the goodness-of-fit tests available for the Gumbel can be applied to the Weibull distribution. The emphasis of this study is to define the transfonn parameters a and b in order to take advantage of the properties of the exponential distribution for 4>. The identity between both the EPDF and the exceedance probability will yield useful applications.
The purpose of the transfonn is to detennine whether the PDF of a runoff or sediment variable x reduces to an EPDF of variable 4> after the following transfonn:
Two procedures are examined for the transfonn parameter evaluation: a graphical method; and the method of mements. A detailed example of the evaluation procedure follows. It may be noted that Gumbel (1958) approached a similar problem with the maximum-likelihood method but needed successive approximations for the solution. The evaluation of the transform parameters a and b follows after the transform coefficient a is eliminated from the ratio (10) to the square of (9), thus
Accordingly, the expected value x can be simply evaluated from a simple glllllma function of the inverse transform pa- Likewise, the second moment of the sample X2 is equated to the second moment M 2 of the transformed distribution
From the calculated values of x and? of the sample, the value of b on the right-hand side of (11) can best be evaluated numerically. For instance, an interpolation procedure based on the numerical values given in Table 1 proves to be sufficiently accurate. The value of the transform coefficient a then follows from alb = x in (9) as
Values of t. for different resistance relationships are presented in Table 3 . Surface runoff from the dimensional equations of Woolhiser (1977) over a rectangular plane of length L can be written in dimensionless form IjJ = q/(iL) as a function of the dimensionless time e = (t -tr)/t.. where t. = time to equilib- (14) which is sufficiently accurate when x > 0.25.
TRANSFORMS FOR SURFACE RUNOFF AND SEDIMENT TRANSPORT
Excess rainfall generates surface runoff as overland flow and channel flow. To capture the essential features of the rainfall-runoff relationship, a rectangular hyetograph of constant excess rainfall intensity i and duration t r is considered. An important parameter in surface-runoff modeling is the resistance relationship, which can be written as q = ah~, where the unit discharge q = a power function of flow depth h. The resistance coefficients are found in Table 3 in terms of DarcyWeisbach friction factor f, Chezy coefficient C, Manning n, or laminar resistance coefficient K for various overland flow conditions including friction slope S, runoff length L, gravitational acceleration g, and kinematic fluid viscosity v. Woolhiser (1975) presented a method to evaluate resistance coefficients in overland flow.
The time to equilibrium t. is defined as the time at which the surface runoff reaches an equilibrium state. On a rectangular plane, it is calculated when flow depth h = it. is sufficiently large to convey the equilibrium discharge q = ah~= iL. The general solution for t. is a function of the flow-resistance relationship and excess rainfall intensity i
Consider the following sample of an unknown variable x= 4.5, 1.0, 7.0, 2.0, 9.0, 0.5, 6.0, 11.0, and 3.5. The first step consists of ranking the n = 9 numbers in decreasing order of x as shown in Table 2 , column 2; the values of x are squared in column 3. The second step consists of calculating the exceedance probability using the Weibull plotting position. Accordingly, the numbers in decreasing order are ranked from 1 to n as shown in column 4; 1 being the largest and n being the smallest number. After dividing the rank by 1 + n, the plotting position corresponds to the exceedance probability P(<!» or P(x) in column 5. The values of In x and II = In are tabulated in columns 6 and 7, respectively, for the plot shown in Fig. 1 . Graphically, the parameter estimation gives a ... 0.1 and b ... 1.3. The line is usually fit through the higher values of In x because for sediment-transport parameters the large values of x are usually those contributing to most of the sediment load.
Using the method of moments, the average value, x = 4.94 is calculated at the bottom of Table 2 , column 2. The average value of X2 = 36.1 is com~iled at the bottom of column 3. From Table 1 , the ratio X2/x = 36.l/(4.94i = 1.479 in column 2 corresponds to a value of b ... 1.45 from interpolation with the values given in Table I , column 1. The value of a ... 0.085 is thereafter calculated from (12). We note that the gamma function can be approximated by Stirling's asymptotic series 116/ JOURNAL OF HYDROLOGIC ENGINEERING / JULY 1996
PARAMETER-EVALUATION EXAMPLE
Parameter estimation from the method of moments is direct and not subjective but lacks the visual information inherent to the graphical method. The evaluation of the transform parameters using both the graphical method and the method of moments is illustrated with the following example. The analysis of natural point-rainfall processes serves as the generating function for the surface-runoff and sediment-transport processes. As previously explained, the PDF of rainfall duration and rainfall intensity have been demonstrated to be near-exponentially distributed and independent. The meteorological data from the agronomic station at Laval University, near Quebec City, Canada, has been used for the analysis of the PDF of rainfall duration. Measurements with an accuracy of :t5 min were available (Villeneuve 1968) during the months of June-November from 1966 to 1970. The values of the transform parameters are given in Table 4 as calculated from both the graphical method and the method of moments. The results of both methods confirm that the transform exponent b remains close to unity. The linearity of the transformed distribution is very good as shown in Fig. 3 .
The PDF of rainfall depth from individual rainstorms has been examined with the Laval University data collected during June-November 1966 -1970 with an accuracy of :to.Ol in. The transform for rainfall depth is given in Table 4 for comparison with other processes. The inverse transform exponent, TJ == 1.2, differs slightly from unity but the transformed distributions of rainfall depth fits a straight line as shown in Fig. JOURNAL OF HYDROLOGIC ENGINEERING / JULY 1996/117 rium. Fig. 2 illustrates the shape of dimensionless surfacerunoff hydrographs on rectangular planes. The general dimensionless relationships for the rising and falling limbs in the $-6 plane are valid for any resistance equation.
In the case of small watersheds, surface runoff is essentially described by complete equilibrium hydrographs. Complete equilibrium hydrographs are those for which the rainfall duration t, exceeds the time to equilibrium t., hence the dimensionless ratio A = t,lt. is greater than unity. The surface runoff hydrograph can be subdivided into three parts: rising limb, equilibrium, and falling limb. The rising limb of the complete equilibrium hydrograph is given by $ = (6 + A)I3. The equilibrium discharge simply equals $ = I, and the falling limb is given by 6 = (1 -$)/\3$(13-1 )113, as shown in Fig. 2 . Given constant excess rainfall intensity, Julien and Moglen (1990) , Ogden and Julien (1993) , Saghafian et al. (1995) , and Ogden et al. (1995) highlighted similarities in surface-runoff characteristics between one-dimensional planes and two-dimensional surface-runoff hydrographs. Essentially, small watersheds are characterized with values of A = trlt. > 1 for which the dimensionless discharge during the equilibrium portion of the hydrograph is close to unity. Accordingly, the magnitude of the maximum discharge varies linearly with the rainfall intensity, $ = iL. Consequently, the PDF of surface runoff and the PDF of discharge measurements should closely approximate the PDF of rainfall intensity. For near impervious small watersheds, one therefore expects the exponent b of the transforms to remain close to unity, resulting in a near EPDF for runoff discharge.
Sediment transport from small watersheds is known to vary with rainfall intensity but also depends largely on infiltration (e.g., there is little sediment transport when the infiltration rate exceeds the rainfall intensity). Surface runoff is usually a better parameter to correlate with sediment transport than rainfall.
For instance, the power relationship q, -l for surface runoff gives empirical values of the exponent 1.4 < d < 2.4 [e.g., Julien (1995), p. 223] . Accordingly, the inverse transform parameter for sediment and perhaps cherpical transport from small watersheds is expected to be 1.5 < b < 2.5 if the rainfallrunoff relationship is nearly linear.
Large watersheds are hereby referred to those with time to equilibrium t. exceeding the duration of rainfall t n or A = t,1 t. < 1. With reference to Fig. 2 , the hydrograph is said to reach partial equilibrium characterized with low peak discharge at an amplitude corresponding to $ = A 13 < 1, or q < iL. From this relationship, one infers that the maximum discharge under partial equilibrium is q == iL(t,lt.)I3. In statistical terms, on a watershed with given topography in constant 0: and constant L, considering t. from (14), the PDF of maximum unit discharge depends on the PDF of i2-(l/I3)t~. As opposed to the results from small watersheds, the PDF of surface-runoff discharge on large watersheds should therefore reflect the resistance equation through \3, which should~e somewhat comparable to the inverse transform exponent b, or approximately 1 < b < \3 when i and t, are independent.
Sediment transport from large watersheds should become difficult to quantify because of the nonlinearity of the rainfall- 
Surface Runoff on Small Plots
The surface-runoff volume from a single event is usually expected to be less than the volume of rainfall. Indeed, in previous small watersheds, surface runoff is generated from the rainfall intensity in excess of the infiltration rate. The precipitation measurements of the claypan soils in Missouri (Burwell, unpublished report, 1982) were examined in terms of the 4. The rainfall precipitation measurements on claypan soils at Kingdom City, Missouri (R. B. Burwell, unpublished USDA ARS Watershed Research Unit report, 1982; Hjelmfelt and Burwell 1984; Jamison et al. 1968) were considered for comparison. The precipitation depth measurements give transform exponents close to unity for plots 1 and 33, as shown in Table 4 relationship between rainfall depth and surface-runoff depth. At rainfall depths not exceeding 2.5 cm (l in.), the surfacerunoff depth is almost negligible. Conversely, as the rainfall precipitation depth approaches 25 cm (10 in.), the surfacerunoff depth becomes asymptotically equal to the rainfall depth. The proposed transforms are used to reduce the runoff depth data into an EPDF as shown in Fig. 5 . The transform parameters are compiled in Table 4 for comparison with other precipitation variables.
Finally, the PDF of snowmelt has been examined with the proposed transforms; specifically, the hourly snowmelt data of Rousseau (1979) has been processed for comparison with other precipitation variables. Although the time variability of hourly snowmelt data is highly nonlinear (Julien 1982) , the The application to large watersheds focuses on the PDF of daily discharges, sediment concentration, and sediment discharge. Two large watersheds were considered: the Chaudiere river in Canada covers 5,830 km 2 and was sampled during 1968-76; and the Colorado river at Lee's Ferry in Arizona covers 279,460 km 2 and was sampled daily from 1955 to 1959. Daily discharge measurements from the Chaudiere river provide the flow-duration curve in terms of transform diagram in Fig. 10 , which exhibits a nearly straight fit of the transformed distribution at higher disch¥ges. The values of the inverse transform exponent 1.52 < b < 1.77 are quite comparable to the resistance exponent 1.5 < 13 < 1.67 in Table 3 (Johnson and Baker 1982) has been examined for this analysis. Similar results were obtained for the transport of agricultural chemicals from small upland watersheds near Watkinsville, Georgia (Smith et al. 1978) . As shown in Table 4 , the transforms yield reasonable agreement between the measured concentrations of ammonia and orthophosphate, while the values of the inverse transform exponents b range between 1.34 and 1.48. The concentration of nitrate yields ambiguous results because both surface and subsurface flows contribute to the concentration. Fig. 7 is quite typical of the PDF in chemical concentration yielded from agricultural plots as viewed from the proposed transforms.
In terms of sediment yield, the PDF of the sediment delivery from experimental plots is subjected to poor correlation with either rainfall depth or surface-runoff depth. Nevertheless, the proposed transforms reduce the sediment yield data from the claypan soils in Missouri into valuable results shown in Fig.  8 . The inverse transform exponents are listed in Table 4 , and, the sediment yield corresponds to a higher power of the rainfall or runoff parameter. As expected in sediment-transport studies, the sediment discharge varies with approximately the square of the water discharge. This is reflected in the inverse transform exponents 6 > 2 for sediment yield in Table 4 .
The delivery of chemicals from agricultural plots of the claypan soils in Missouri was examined to determine the transform parameters listed in Table 4 , which are quite consistent for all five chemicals measured: nitrate, sediment nitrogen, ammonia, sediment phosphate, and orthophosphate. The yield of -4 2 transforms of the data set covering an entire snowmelt season indicate a fairly linear fit of the reduced variable as shown in Fig. 6 . The results in Table 4 are quite comparable to those for rainfall intensity.
information in the analysis of exceedance probability and flow duration curves. Indeed, the exceedance probability of a discharge Q can be directly calculated from (3) and (4)
For instance, the daily sediment discharge of the Colorado river at Lee's Ferry that is exceeded 1% of the time~or 3.65 days a year, is calculated with a = 120,230 and b = 1.7; P(Q,)~om, which gives Q, = 120,230(-ln 0.01)1.7 = 1.6 X 10 6 tons/day. Conversely, one can estimate the percentage of the time where the daily sediment discharge exceeds a certain value. For instance, how many days a year can someone expect the daily sediment discharge to exceed 1 million tons per day. From (15), one obtains directly P(Q,) = e-aQ~= e-I. 04XIO -'(lXlo">o,. =0.027, or about 10 days per year (0.027 X 365 days).
For instance, the mean daily flow of the Chaudiere river is calculated directly from the inverse transform parameters by the method of moments in Table 4 (personal communication, 1995) . This approximation based on the transform parameters, circumvents the traditional sediment-load calculations using the combined flow-duration curve and sediment-rating curve method. It should prove particularly useful in rivers with significant washload where sediment concentration and discharge are uncorrelated and the sediment-rating curve is difficult to determine.
As a fourth practical example, the transforms also enable the user to estimate the daily sediment discharge that will be exceeded a certain fraction of the time from (15) after solving for x period of sampling can also be examined with the use of the transforms. From the method of moments in Table 4 , the transform of sediment concentration for the Chaudiere river is <p = 0.24C~:Jr., and that of runoff discharge during the same period is <p = 0.048Q~~(mcs = cubic meters per second). From the double identity <p = 0.24C~:Jr. = 0.048Q~:, the relationship between Cmg/L and Q can be written as Cmg/L = 0.032Q~:. This is remarkably close to the equation obtained by regression analysis, Cmg/L = O.04Q~~" found in Julien (1995, p. 234) . . Julien (1995, p. 234) . Actually, the entire flow-duration curve for this river is in very good agreement with (15).
Sediment concentration was measured periodically with emphasis during the periods of high discharge. The upper portion of the concentration diagram (Fig. 11) is also quite amenable to the use of the proposed transforms, for which the exceedance probability of sediment concentration can be calculated from (15). From the:. relationship in Table 4 the inverse transform exponent 1 < b < 2 indicates that sediment concentration varies nonlinearly with the exponential rainfall characteristics.
As a second example, the sediment-rating curve during the 
which shows that at any given value o{~and PI' the magnitude of TJ increases with the exponent b.
.
As a fifth example, it is known that in the Colorado nver
(b = 1.7) the daily sediment discharge of XI =1 X 10 6 tons/ day is exceeded 10 days a year (PI = 0.0274). Calculate the exceedance probability P 2 of a daily sediment discharge X2 = 2 X 10 6 tons/day. In this first~ase,~is calculated from~18), As a final result, the transforms enable the user to calculate the magnitude of infrequent events from the mfan vall;le o.f a variable and the inverse transform parameter b. Consldenng the previous example, one demonstrates from (9) and (15) that the exceedance probability of the mean value is only a function of bas
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This study examines the information contained in rainf~ll runoff-transport variables in terms of expected value, duratl?n curves, and exceedance probability. Starting from exponential distribution of rainfall characteristics, the properties of power transforms and the practical implications of the nonlinearities of the transform are examined from point characteristics to runoff and sediment transport in large watersheds.
Transforms are proposed for the analysis of the probability density functions of rainfall, runoff, sediment, and chemical transport variables. Two transform parameters are evaluated either from a graphical method or from the method of moments. The results enable rapid estimates of expected values and exceedance probability at a given value of parameters such as rainfall intensity, duration, depth, flow discharge, chemical concentration, sediment concentration, sediment yield, and sediment discharge.
The transforms are particularly valuable in the analysis of flow and sediment duration curves, as weI as for the definition of poorly correlated and sediment-rating curves. In the determination of the mean annual sediment yield in a river, the method circumvents the tedious combined flow-duration curve and sediment-rating curve method. Moreover, the sedimentduration curves can be determined with an assessment of how frequently a daily sediment discharge, or sediment concentration level is exceeded. This equation is quite simple and d~monstrates the usefulness of the inverse transform parameter b.
As a last practical example, the mean daily sediment concentration in a river is 250 mgIL. Estimate the value of concentration that is exceeded 5% of the time [P(x) = 0.05]. Without knowing the distribution of daily sediment-concentration measurements, one can nevertheless find rough estimates from 1.13 < b < 2.14 in Table 5 . Hence, one can estimate X assuming b == 1.6 to get from (21), x = [(-In 0.05)1.6/1.43] X 250 tpgIL == 1,000 mglL. The brackets obtained from b = 1.13 and b = 2.14 are, respectively, X == 800 mgIL and x == 1,150 mgIL. One would thus expect the daily sediment concentration exceeded 5% of the time to range between 800 and 1,150 mgIL.
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